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DISCLAIMER

The information in this document has been funded wholly or in part by the United States Environmental Protection
Agency under Contract No. 68-C6-0020 to HydroGeoLogic, Inc. It has not been subject to the Agency's peer and
administrative review, and therefore it has not been approved for publication as an EPA document. Certain of the
model code enhancements have received preliminary evaluation by either AQUA TERRA Consultants, Waterborne
Environmental, Inc. or the U.S. Environmental Protection Agency. Additional peer and administration review and
testing is ongoing, but not yet completed. In no event shall AQUA TERRA Consultants or Waterborne Environmen-
tal, Inc. be liable for any loss of profit or any commercial damage, including but not limited to special, consequen-
tial, or other damages resulting from the use of this software. Mention of trade names of commercial products does
not constitute endorsement or recommendation for use by the U.S. Environmental Protection Agency.
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FOREWORD

As environmental controls become more costly to implement and the penalties of judgment errors become more
severe, environmental quality management requires more efficient analytical tools based on greater knowledge of the
environmental phenomena to be managed. As part of this Laboratory's research on the occurrence, movement,
transformation, impact, and control of environmental contaminants, the Assessment Branch develops management or
engineering tools to help pollution control officials reach decisions on the registration and restriction of pesticides
used for agricultural purposes.

The pesticide and nutrient regulatory process requires that the potential risk to human health resulting from the
introduction or continued use of these chemicals be evaluated. Recently much of this attention has been focused on
exposure through leaching of pesticides and nitrogen to groundwater and subsequent ingestion of contaminated
water. To provide a tool for evaluating pesticide exposure, the PRZM-2 model was developed; subsequent model
enhancements expanded modeling capabilities to include nitrogen simulation as well. PRZM-3 simulates the
transport of field-applied pesticides in the crop root zone and the vadose zone taking into account the effects of
agricultural management practices. The model provides estimates of probable exposure concentrations by taking into
account the variability in the natural systems and the uncertainties in system properties and processes. To enable
evaluation of nitrogen (particularly nitrate) exposure in groundwater, PRZM-3 includes a septic system module and
capabilities for modeling soil nitrogen fate and transport.

Rosemarie C. Russo, Ph.D.

Director

Environmental Research Laboratory
Athens, Georgia
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ABSTRACT

This publication contains documentation for the PRZM-3 model. PRZM-3 is the most recent version of a modeling
system that links two subordinate models — PRZM and VADOFT - in order to predict pesticide transport and
transformation down through the crop root and unsaturated zone. Enhancements to Release 3.0 include algorithms
that enable modeling of nitrogen cycle soil kinetic processes with the ability to track nitrogen discharges from a
septic tank into the soil environment and movement to groundwater. Additional enhancements enable better
simulation of physicochemical processes, increased flexibility in representing agronomic practices, and improved
post-processing and data interpretation aids.

PRZM is a one-dimensional, finite-difference model that accounts for pesticide and nitrogen fate in the crop root
zone. PRZM-3 includes modeling capabilities for such phenomena as soil temperature simulation, volatilization and
vapor phase transport in soils, irrigation simulation, microbial transformation, and a method of characteristics
(MOC) algorithm to eliminate numerical dispersion. PRZM is capable of simulating transport and transformation of
the parent compound and as many as two daughter species. VADOFT is a one-dimensional, finite-element code that
solves the Richard's equation for flow in the unsaturated zone. The user may make use of constitutive relationships
between pressure, water content, and hydraulic conductivity to solve the flow equations. VADOFT may also
simulate the fate of two parent and two daughter products. The PRZM and VADOFT codes are linked together with
the aid of a flexible execution supervisor that allows the user to build loading models that are tailored to site-specific
situations. In order to perform probability-based exposure assessments, the code is also equipped with a Monte Carlo
pre- and post-processor.

v

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00004



ACKNOWLEDGMENTS

PRZM-3 is the result of fifteen years of focused model development effort. The original PRZM model was released
in 1984, with the accompanying user’s manual written by R.F. Carousel (EPA), C.N. Smith (EPA), L.A. Mulkey
(EPA), ].D. Dean (Anderson Nichols) and P. Jowise (Anderson Nichols).

Release 2.0 (PRZM-2) became the official version of PRZM in the early 1990's. Several components of PRZM-2
were excerpted from the RUSTIC model. The following contributors to the RUSTIC model are acknowledged: Mr.
K.A. Voos of Woodward-Clyde Consultants (WCC) programmed the execution supervisor and linked the models.
The linkage was conceived by Mr. J.D. Dean and Dr. Atul Salhotra of WCC and Dr. P.S. Huyakormn of
HydroGeoLogic. Dr. Huyakorn and his staff wrote the time/space bridging subroutines for the linkage. Mr. R'W,
Schanz (WCC) and Y.J. Mecks (WCC) wrote the irrigation and MOC algorithms. The volatilization routines were
written by Dr. J. Lin and Mr. S. Raju of AQUA TERRA Consultants. Mr. Dean wrote the daughter products
algorithms that were implemented by Dr. Lin. Mr. J.L. Kittle implemented modifications to allow multiple segment
(zome) simulation capability.

The original VADOFT code was written and documented by Dr. Huyakorn, Mr. H. White, Mr. J. Buckley, and Mr.
T. Wadsworth of HydroGeoLogic. The Monte Carlo pre- and post-processors were written by Dr. Salhotra, Mr. P.
Mineart, and Mr. Schanz of WCC.

Final assembly of the PRZM-2 model code, documentation and model testing were performed by AScl Corporation.
The authors of the PRZM-2 user’s manual (1993) were J.A. Mullins (AScl), R.F. Carousel (EPA), J.E. Scarbrough
(AScl) and A M. Ivery (AScl).

Prior to the release of PRZM-3, the model underwent a series of enhancements that resulted in intermediate releases.
Changes related to linking PRZM-2 with the HSPF, WASP and PATRIOT modeling systems, linking PRZM-2 with
the WDM database structure and modifications to the soil moisture depth for runoff and surface pesticide “mixing
zone’ calculations were documented in an addendum to the PRZM-2 user’s manual written by A.S. Donigian, Jr.
(AQUA TERRA), R.F. Carousel (EPA), J.C. Imhoff (AQUA TERRA) and P.R. Hummel (AQUA TERRA).
Changes related to a non-uniform extraction algorithm for estimating pesticide runoff, bi-phase transformation of a
parent compound and metabolites, ability to transform a parent compound from an adsorbed phase to metabolites,
metabolite loading transfer into EXAMS-2.98, enhanced flexibility in chemical applications, and improved output
functions were implemented by Waterborne Environnmental, Inc. and docamented by R.F. Carousel (EPA), J.M.
Cheplick (Waterborne) and W.M. Williams (Waterborne).

PRZM-2 evolved into PRZM-3 in 1995 when a septic system module (OSWDS) and algorithms for modeling soil
nitrogen fate and transport were added to the PRZM modeling system to provide a tool for defining wellhead
protection strategies relative to nitrate contamination. This work was performed and documented by J.C. Imhoff,
PR. Hummel, A.S. Donigian and B.R. Bicknell, all of AQUA TERRA Consultants.

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00005



TABLE OF CONTENTS

DISCLAIME R . . il
FOREW O R D . .. 1t
ABS T RACT v
ACKNOWLEDGMENT S . v
SECTION 1

Introduction . . ... .. 1-1
1.1 Background and Objectives . ... ... . 1-1
1.2 Concept of Risk and Exposure ASSessment .. ... ... ... it 1-2
1.3 Overview of PRZM-3 | 1-7
1.3.1 Overview of PRZM . ... . 1-7
1311 Featires . ... .o 1-7
L3122 LAmitations . .. ..ottt et e 1-8
1.3.2 Overview of the Vadose Zone Flow and Transport Model (VADOFT) ............. 1-10

1321 Features ... .. . i-1

1.3.2.2 LImMItations . . . ..ot i-1
1.3.3 Overview of the Monte Carlo Simulation Module . . ............................ 1-11
134 Model Linkage . ... ... 1-11

1.3.4.1 Temporal Model Linkage . ......... ... .. . i 1-1

1.3.4.2 Spatial Linkages .. ... . i 1-1

1.3.5 Monte Carlo Processor . . ... ... 1-1

13,6 OVerview SUMIMATY . . ..ottt e e e 1-1

SECTION 2
Model Development, Distribution, and Support ... ... . . . . 2-1
2.1 Development and Testing . .. .. ... 2-1
2.2 DiastributOn .. .. 2-1
2.3 Obtaining a Copy of the PRZM-3 Model ... ... .. . . . 2-1
231 Intermet . . 2-1
2.4 General/minimum Hardware and Software Installation and Run Time Requirements ............ 2-2
2.4.1 Installation Requirements ... ... ... ... ... i 2-2
2.4.2 Run Time Requirements .. .. ... ... ... i e 2-2
2.5 Imstallation . ... . . 2-2
2.6 Installation Verification and Routine Execution . ........ .. ... .. ... .. ... ... .. ... .. ...... 2-2
2.7 Code Modification ... ... ... .. . 2-2
2.8 Technical Help ... .. . 2-3
Vi

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00006



2.9 DHSClaimICT .« . . o 2-3

210 Trademarks . ... . 2-3
SECTION 3
Modules and Logistics . .. ... ... 3-1
SECTION 4
Input Parameters for PRZM-3. 12 . 4-1
4.1 Input File SUMMATY . .. .o e 4-1
4.2 Time-series Files . . ... 4-1
4.2.1 Meteorological Data File .. .. ... .. .. . . . . . .. . 4-2
4.2.2 Atmospheric Deposition File . .. .. ... .. . . 4-2
423 Septic Effluent File .. ... . . . 4-3
424 WDM Time-series File .. ... .. . . 4-4
4.3 Execution Supervisor File (PRZM3 RUN) . .. ... . . i 4-4
4.3.1 Execution Supervisor Input Examples ......... ... .. ... .. . . 4-4
4.3.1.1 Example Execution Supervisor (PRZM3 RUN) Input File: One Zone .. ........ 4-5
4.3.1.2 Example Execution Supervisor (PRZM3.RUN) Input File: Two Zones with Monte
Carlo Option . ... 4-5
4.3.1.3 Example Execution Supervisor (PRZM3 RUN) Input File: One PRZM Zone with
Nitrogen and WDMin Use ... ... .. . i e 4-6
4.3.2 Execution Supervisor (PRZM3RUN)Input Guide . .............. ... ... ... .... 4-8
44 PRZM INPUT FILE .. . e 4-10
44,1 Example PRZM Input Files ... ... ... .. 4-11
4.4.1.1 Example PRZM Input File for PRZM-3: Pesticide Simulation—No erosion . . . .. 4-11
4.4.1.2 Example PRZM Input File for PRZM-3: Pesticide Simulation—FErosion ....... 4-12
4.4.1.3 Example PRZM Input File for PRZM-3: Nitrogen Simulation . .............. 4-13
442 PRZM Input Guide . ... ... . 4-15
4.4.2.1 PRZM Input Guide for AHPRZM-3Runs .............................. 4-16
4.5 VADOFT Input File .. ... o e 4-45
45.1 Example VADOFT Input File .. ... ... . . . i 4-46
452 VADOFT Input Guide for Flow ... .. ... .. . i 4-46
4.6 MONTE CARLO INPUT FILE ... . . .. e 4-58
4.6.1 Example MONTE CARLO InputFile ......... ... .. ... .. .. ... .. .. .. .. ...... 4-39
462 MONTECARLO Input Guide . . .. .. ... .. i 4-59
SECTION §
Parameter EStmMation . ... ... ... . 5-1
5.1 EXESUP (EXeCution SUPCIVISOT) . . ..o\ttt it ittt ettt et 5-1
5.2 PRZM (Pesticide Root Zone Model) ... ... . . .. . 5-1
5.2.1 Nitrogen Calibration Procedures and Parameter Estimation . ..................... 524
5.3 VADOFT Input Parameters ... ...ttt e et et e e 5-23
vil

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00007



SECTION 6

Pesticide Root Zone Model (PRZM) Codeand Theory . ... ... . . i 6-1
6.1 Introduction and Background (PRZM) . .. .. ... .. .. . . 6-1
6.1.1 Introduction . . ..... .. . . 6-1
6.1.2 Background . ... ... 6-2
6.2 Features and Limitations . .. ... ... .. 6-2
6.2.1 FBalUIES . ..ottt 6-2
6.2.2 LAMHtAtiONS . . ...ttt 6-4
6.3 Description of the Algorithms . .. .. ... .. . . 6-5
6.3.1 Transportin Soil .. .. .. .. . 6-6
6.3.2 Water MOVEIMENE . . ... ... 6-10
6.3.3 Chemical Application and Foliar Washoff ... ... ... . ... ... ... .. ......... 6-15
6.3.4 Chemical Runoff . ... .. ... . .. .. 6-16
6.3.5 Soil Brosion ... ... .. .. 6-20
6.3.6 Volatilization .. .. ... ... . . 6-22
6.3.7 Irrigation Equations . ... ... .. ... . .. 6-39
6.3.8 Nitrogen Species Algorithms . ... ... . . 6-41
6.4 Numerical Solution Techniques ... .. ... .. . e 6-47
6.4.1 Chemical Transport Equations . .. ........ ... e 6-47
6.4.2 Volatilization . ... ... ... . 6-49
6.4.3 Soil Temperattire . ... .. .. 6-51
6.4.4 Furrow Irrigation . .. ... ... . . 6-52
6.5 Results of PRZM Testing Simulations .. ... ... ... e 6-54
6.5.1 Transport Equation Solution Options ... .............. .. .. ... 6-54
6.5.2 Testing Results of Volatilization Subroutines ............... .. ... .. ... ........ 6-56
6.5.3 Testing Results of Soil Temperature Simulation Subroutine ...................... 6-68
6.5.4 Testing of Daughter Products Simmulation ....... ... ... .. .. .. .. ... ... .. .. ... 6-72

6.5.5 Testing of Nonuniform Extraction Model for Runoff and Revisions in the Distribution of
ReSIdUes . ..o 6-77
6.6 Biodegradation Theory and Assumptions .. .......... ...ttt 6-81

SECTION 7
Vadose Zone Flow and Transport Model (VADOFT) Codeand Theory .. ........................ 7-1
7.0 Introduction . .. ... . 7-1
7.2 Overview of VADOF T .. 7-1
8 B T 1 ¢ 7-1
7.3 Description of Flow Module .. ... . . . 7-2
731 Flow Equation . ... ... ... . e 7-2
7.3.2 Numerical SOIUtION . ... .. . . e 7-4
7.4 Description of the Transport Module ... ... ... . . 7-7
7.4.1 Transport EQUation . ... ... ... ... . -7
7.4.2 Numerical Solution of the Transport Equation ............ .. ... ... .......... 7-16
viil

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00008



7.5 Results of VADOFT Testing Simulations . . ... .. ... . i 7-17

7.5.1 Flow Module (Variably Saturated Flow Problems) .. ......... .. ... .. ... .. ... 7-17
7.5.2 Transport Module .. .. ... . . 7-18
7.5.3 Combined Nonlinear Flow and Transport Modules .. ........... ... ... ... .. ... 7-31
SECTION 8
Uncertainty ProprOCeSSOT . . ot 5-48
8.1 Introduction . .. ... . 8-48
8.2 Overview of the Preprocessor . . ... i 8-48
8.2.1 Descriptionofthe Method .. .. ... .. .. . . . . . . . . 8-48
8.2.2 Uncertainty in the Input Variables . .. .. ... ... ... . . . . . . . 8-49
8.3 Description of Available Parameter Distributions . .. ........ ... ... .. .. .. ... ... .. .. ... 8-50
8.3.1 Uniform Distribution . ... ... .. ... . 8-50
8.3.2 Normal Distribution . . . ... ... . 8-51
8.3.3 Log-Normal Distribution . .. ... ... ... .. . . . . e 8-51
8.3.4 Exponential Distribution .. .. ......... .. .. . . . 8-52
8.3.5 The Johnson System of Distributions .. ........ ... ... .. .. .. .. .. 8-52
8.3.6 Triangular Distribuation ... .. .. ... .. .. . . . 8-52
8.3.7 BEmpirical Distribution . .. .. .. ... . . . . 8-53
8.3.8 Uncertainty in Correlated Variables ........ .. ... .. .. . . . .. .. . . 8-54
8.3.9 Generation of Random Numbers .. .......... ... .. . . . . i 8-56
8.4 Analysis of Output and Estimation of Distribution Quantiles . .. .......... ... ... .. .. ... ... 8-56
8.4.1 EBstimating Distribution Quantiles ... ... ... .. ... .. .. ... .. . . . . 8-57
SECTION9
Linking PRZM-3 with Other Environmental Models .. ...... ... .. .. .. ... ... ... ... ... ........ 9-1
0.1 HSPE 9-1
9.1.1 PZ2HSPF Bridge Program . ... ... .. .. 9-1
9.1.2 Application Procedure . ... ... ... ... 9-2
913 Example Inputand Test Run . .. ... ... .. . . . . 9-3
9.1.4 Lateral Drainage Modifications to PRZM-3 .. ... .. .. .. ... .. .. .. ... .. ... 9-6
02 W AP e 9-8
9.2.1 PRZWASP Bridge Program .. ............ ... 9-8
9.2.2 Application Procedure .. ... ... .. .. ... 9-11
923 Example Inputand Test Run .. ... ... .. .. ... . . . . . . 9-11
0.3 OSW DS L 9-15
SECTION 10
REFERENCES o e 10-1
SECTION 11
ADPENAICeS . . . o 11-1
11.1 Error Messages and Warnings .. ... ... ... e 11-1
11.2 Variable Glossary .. ... . e 11-1
X

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00009



11.3 PRZM and VADOFT Example Input Files .. ... .. ... . . 11-72

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00010



List of Figures

Figure 1.1 Decision path for risk assessSment. .. ... ... .. .. . 1-3
Figure 1.2 Time series plot of toXicant CONCEMIAtioNS. .. .. ...\ttt et 1-5
Figure 1.3 Frequency distribution of toxicant concentrations. . ........... ... ... 0. irinananan .. 1-5
Figure 1.4 Cumulative frequency distribution of toxicant concentrations. . ......................... 1-5
Figure 1.5 Time series of toxicant concentrations with moving average window of durationt,. ......... 1-6
Figure 1.6 Linked modeling system configuration. . . ............ . .. . i 1-6
Figure 5.1 Estimation of drainage rate AD (day™) versus number of compartments. .................. 5-3
Figure 5.2 Diagram for estimating soil evaporation loss. ......... .. ... .. ... ... .. ... ... ........534
Figure 5.3 Mineral bulk density (g cm™). (provided by Dr. Walter J. Rawls, U.S. Department of Agriculture,
Agricultural Research Service, Beltsville Maryland). ... ... ... ... ... .. .. .. ... .... 3-5
Figure 5.4 Average temperature of shallow groundwater. ........... .. ... .. ... ... ... .. .. .. ... .. 5-6
Figure 5.5 Diagram for estimating Soil Conservation Service soil hydrologic groups. (from EPA Field Guide
for Scientific Support Activitics Associated with Superfund Emergency Response. U.S. EPA,
Corvallis, OR). . ... 5-7
Figure 5.6 Numerical dispersion associated with spacestep (DxX). ......... ... .. .. .. . . iiii.. 5-10
Figure 5.7 Physical dispersion (D) associated with advective transport. (Note: Numerical dispersion in-
cluded). ... .. S-11
Figure 5.8 Approximate geographic boundaries for SCS rainfall distribution {Soil Conservation Service, 1986
B2 5-14
Figure 5.9 Pan evaporation correction factors (from U.S. Weather Bureau). ....................... 5-17
Figure 5.10 1/3-bar soil moisture by volume. (provided by Dr. Walter J. Rawls, U.S. Department of Agricul-
ture, Agricultural Research Service, Beltsville, Maryland). ........................... 5-20
Figure 5.11 15-bar soil moisture by volume. (provided by Dr. Walter J. Rawls, U.S. Department of Agricul-
ture, Agricultural Research Service, Beltsville, Maryland). ........................... 521
Figure 5.12 Representative regional mean storm duration (hours) values forthe US. .. ... ... ... ... 5-22
Figure 6.1 Pesticide Root Zone Model. .. .. ... . 6-3
Figure 6.2 Schematic representation of a single chemicalinasoil layer. ......................... .. -7
Figure 6.3 Hlustration of chemical application methods. . ....... ... ... .. ... .. ... .. .. ... ...... 6-18
Figure 6.4 Extraction model for pesticide runoff. . .. .. ... .. ... 6-19
Figure 6.5 Schematic of pesticide vapor and volatilization processes. ............ .. ... . ... 6-23
Figure 6.6 Variability of infiltration depths within an irrigation farrow. . .......... ... .. .. ... .... 6-40
Figure 6.7 PRZM-3 soil/plant nitrogen transformations. . ................ ... 6-42
Figure 6.8 Schematic of the top two soil compartments and the overlaying surface compartment (a) without
plant canopy, (b) with plant canopy. . ... .. .. . . . 6-30
Figure 6.9 Comparison of simulation results at high Pecletnumber. . ... ... ... ... ... ...... 6-35
Figure 6.10 Comparison of simulation results at low Pecletnumber. .. ... ... ... ... .......... 6-36
Figure 6.11 Comparison of volatilization flux predicted by PRZM and Jury’s analytical solution: Test cases #1
AN H 2 L 6-58
Figure 6.12 Comparison of volatilization flux predicted by PRZM and Jury’s Analytical solution. Test cases #3
AN A 6-39
Figure 6.13 Sensitivity of cumulative volatilization flux to K, and decayrate. ...................... 6-62
Figure 6.14 Effects of DELX on volatilization flux and pesticide decay. ........................... 6-65
Figure 6.15 Comparison of constant and two-step decay rates. . .......... . 6-66
Figure 6.16 Effects of two-step decay rates on volatilization flux and pesticide decay. . ............... 6-67
Figure 6.17 Comparison of soil temperature profiles predicted by analytical and finite difference solutions
(Time Step=1 HR). ... . 6-70
Figure 6.18 Comparison of soil temperature profiles predicted by analytical and finite difference solutions
(Time Step=1 day). .. ... 6-71
Figure 6.19 Schematic of a system of parent and daughter pesticide. . ........... .. ... ... ... ........ 6-73
Figure 6.20 Conversion of C, to C, to C; with no adsorption andno decay. ........................ 6-75
xi

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00011



Figure 6.21 Conversion of C, to C, to C, withno adsorptionandno decay. ........................ 6-76

Figure 6.22 Conversion of aldicarb to aldicarb sulfoxide to aldicarb sulfone. . ................... ... 6-77
Figure 6.23 Comparison of PRZM-2.2 and PRZM-3 at Georgia study site. (PRZM-3 results are same as those
generated by experimental version 2.3) .. ... 6-79
Figure 6.24 Comparison of PRZM-2.2 and PRZM-3 at Tennessee study site. (PRZM-3 results are same as
those generated by experimental version 2.3) .. .. ... . L 6-80
Figure 7.1 Logarithmic plot of constitutive relations for clay, clay loam, and loamy sand: (a) saturation vs.

capillary head and (b) relative permeability vs. saturation.

Figure 7.2 Logarithmic plot of constitutive relations for silt, silty clay loam, silty clay, and silty loam. .. 7-10
Figure 7.3 Logarithmic plot of constitutive relations for sandy clay, sandy clay loam, sandy loam, and sand.
.......................................................................... 7-11
Figure 7.4 Standard plot of relative permeability vs. saturation for clay, clay loam, loam and loamy sand.
.......................................................................... 7-1
Figure 7.5 Standard plot of relative permeability vs. saturation for silt, silt clay loam, silty clay and silty loam.
.......................................................................... 7-13
Figure 7.6 Standard plot of relative permeability vs. saturation for sandy clay, sandy clay loam, sandy loam
and sand. ... 7-14
Figure 7.7 Finite element discretization of soil column showing node and element numbers. ... ....... 7-15
Figure 7.8 Simulated pressure head profiles for the problem of transient upward flow in a soil column.
(Adapted from Battelle and GeoTrans, 1988). . ... ... ... .. .. . . . 7-20
Figure 7.9 Simulated profile of water saturation for the problem of transient upward flow in a soil column.
.......................................................................... 7-21
Figure 7.10 Simulated pressure head profiles for five cases of the problem of steady infiltration in a soil
column. (Adapted from Springer and Fuentes, 1987). ....... ... ... ... .. ... ... ....... 7-23
Figure 7.11 Simulated profiles of water saturation for five cases of the problem of steady infiltration in a soil
column. (Adapted from Springer and Fuentes, 1987). ... ... ... ... ... ... . ... 7-24
Figure 7.12 Simulated concentration profiles for the problem of solute transport in a semi-infinite soil column.
.......................................................................... 7-25
Figure 7.13 Simulated concentration profiles for two cases of the problem of solute transport in a soil column
of finite length, () A=0d" and (0) A=025d". ... . . . . 7-29
Figure 7.14 Simulated outflow breakthrough curve for case 1 of the problem of solute transport in a layered
SOl COlMINL. . .. . 7-32
Figure 7.15 Simulated outflow breakthrough curve for case 2 of the problem of solute transport in a layered
SOLL COlUMIN. . . . 7-33
Figure 7.16 One-dimensional solute transport during absorption of water in a soil tube. (Adapted from
Huyakorn etal., 1985). .. .. . . 7-38
Figure 7.17 Simulated profiles of water saturation during absorption of water in a soil tube. (Adapted from
Huyakorn etal, 1984a). ... ... .. . . 7-39
Figure 7.18 Simulated concentration profiles for the problem of one-dimensional solute transport during
adsorption of water in a soil tube. (Adapted from Huyakorn, etal., 1985). ............... 7-40
Figure 7.19 Problem description for transient infiltration and transport in the vadose zone. . ........... 7-41
Figure 7.20 Infiltration rate vs. time relationship used in numerical simulation. . .................... 7-42
Figure 7.21 Simulated water sataration profiles. . .. ... ... 7-43
Figure 7.22 Simulated pressure head profiles. . ... ... . . . . 7-44
Figure 7.23 Simulated vertical Darcy velocity profiles. ........ ... .. .. .. . . . .. . . 7-45
Figure 7.24 Simulated solute concentration profiles. ........ ... .. .. .. . 7-46
Figure 8.1 Triangular probability distribution. ... ... .. .. ... .. ... .. . 8-53
Figure 9.1 Schematic of an example PRZWASP testrun. . ... ... .. . . i 9-14
Figure 9.2 Schematic Representation of the OSWDS NitrogenModule. . ......... ... .. ... ..... 9-17
xil

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00012



List of Tables

Table 3.1 List of Subroutines and Functions and a Brief Description of Their Purpose ............... 3-1
Table 3.2 List of All Parameters Files, Parameter Dimensions, and a Brief Description .. ............ 3-9
Table 4.1 Variable Designations for Plotting Files .. .. ... .. .. ... .. .. .. ... . . .. . . 4-41
Table 4.2 Monte Carlo Input and Output Labels ... ... ... .. .. . . . . 4-61
Table 5.1 Typical Values of Snowmelt (SFAC) as Related to Forest Cover . ...................... 5-27
Table 5.2 Mean Duration (Hours) of Sunlight for Latitudes in the Northern and Southern Hemispheres®
.......................................................................... 5-28
Table 5.3 Indications of the General Magnitude of the Soil/erodibility Factor, K* .................. 5-28
Table 5.4 Interception Storage for Major Crops ... ...t 5-29
Table 5.5 Values of the Erosion Equation's Topographic Factor, LS, for Specified Combinations of Slope
Length and Steepness” ... .. 5-30
Table 5.6 Values of Support-practice Factor, P* .. ... ... ... .. .. ... .. .. .. ... 593
Table 5.7 Generalized Values of the Cover and Management Factor, C, in the 37 States East of the Rocky
MoUntains™ .. ... 5-31
Table 5.8 Mean Storm Duration” (TR) Values for Selected Cities .............................. 5-34
Table 5.9 Agronomic Data for Major Agricultural Crops in the United States . .................... 5-37
Table 5.10 Runoff Curve Numbers for Hydrologic Soil-cover Complexes® (Antecedent Moisture
Condition IL and L, =0.2 S) . . ... ... . . e 5939
Table 5.11 Method for Converting Crop Yields toResidue® .. .. .. ... ... ... . ... .. .. .. ..... 5-40
Table 5.12 Residue Remaining from Tillage Operations® .. ........ ... ... ... . . ... 5-41
Table 5.13 Reduction in Runoff Curve Numbers Caused by Conservation Tillage and Residue Management®
.......................................................................... 5-41
Table 5.14 Values for Estimating Wfmax in Exponential Foliar Model ........ ... ... .. .. ... .. .. 5-42
Table 5.15 Pesticide Soil Application Methods and Distribution . ............................... 5-42
Table 5.16 Maximum Canopy Height at Crop Maturation . ........ ... ... .. ... .. ... .ccoion... 5-43
Table 5.17 Degradation Rate Constants of Selected Pesticides on FOLIAGE® ... ... ... ............ 5-43
Table 5.18 Estimated Values of Henry's Constant for Selected Pesticides ......................... 5-44
Table 5.19 Physical Characteristics of Selected Pesticides for Use in Development of Partition Coefficients
(Using Water Solubility) and Reported Degradation Rate Constants in Soil Root Zone .. . . .. 5-46
Table 5.20 Octanol Water Distribution Coefficients (Log K,)) and Soil Degradation Rate Constants for
Selected Chemicals . ... ... .. 5-54
Table 5.21 Albedo Factors of Natural Surfaces for Solar Radiation® .. ........................... 5-36
Table 5.22 Emissivity Values for Natural Surfaces at Normal Temperatures™ .. .................... 5-57
Table 5.23 Coefficients for Linear Regression Equations for Prediction of Soil Water Contents at Specific
Matric Potentials® . . ... .. 5-38
Table 5.24 Thermal Properties of Some Soil and Reference Materials* .. .. ... ... ............... 5§
Table 5.28 Hydrologic Properties by Soil Texture® .. ... . . . e 5-60
Table 5.26 Descriptive Statistics and Distribution Model for Field Capacity (Percent by Volume) ... ... 5-61
Table 5.27 Descriptive Statistics and Distribution Model for Wilting Point (Percent by Volume) .. ... .. 5-62
Table 5.28 Correlations among Transformed Variables of Organic Matter, Field Capacity, and Wilting Point
Table 5.29 Mean Bulk Density (g cm™) for Five Soil Textural Classifications ® .. ................... 5-64
Table 5.30 Descriptive Statistics for Bulk Density (2 cIn™) ... ... . i 5-64
Table 5.31 Descriptive Statistics and Distribution Model for Organic Matter (Percent by Volume) .. ... 5-65
Table 5.32 Adaptations and Limitations of Common Irrigation Methods . ......................... 5-66
Table 5.33 Water Requirements for Various Irrigation and Soil Types . ........... ... ... ........ 5-66
Table 5.34 Representative Furrow Parameters Described in the Literature ... .. .. .. ... ... .. ... .. 5-67
Table 5.35 Furrow Irrigation Relationships for Various Soils, Slopes, and Depths of Application ...... 5-68
Table 5.36 Suitable Side Slopes for Channels Built in Various Kinds of Materials . ................. 5-69
Table 5.37 Value of "N" for Drainage Ditch Design . .. ... ... .. .. .. ... .. .. ... 509
xiil

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00013



Table 5.38 Representative Permeability Ranges for Sedimentary Materials ........................ 569

Table 5.39 Vahaes of Green-ampt Parameters for SCS Hydrologic Soil Groups . .................... 5-70
Table 5.40 Descriptive Statistics for Sat. Hydraulic Conductivity (cmhr) ... ... ... ... ... ... .... 570
Table 5.41 Descriptive Statistics for Van Genuchten Water Retention Model Parameters, o, B, v .. .. ... 571
Table 5.42 Descriptive Statistics for Saturation Water Content (0,) and Residual Water Content (8,) ... 5-71
Table 5.43 Statistical Parameters Used for Distribution Approximation . .. ........................ §-72
Table 5.44 Correlations among Transformed Variables Presented with the Factored Covariance Matrix*
Table 5.45 Examples of Nitrogen Gains, Losses, and Transformations (In Kg/ha/yr) for Eight Different
CroppINg SYSIOIIS L . Lo e 5-78
Table 5.46 Recommended Manning’s Roughness Coefficients for Overland Flow .................. 5-79
Table 6.1 Coefficients for Calculation of Unit Peak Discharge . .. .......... ... ... ... ........ 6-21
Table 6.2 Acrodynamic parameters for wind speed computations. . ....... ... ... ... 6-26
Table 6.3 Summary of Soil Temperature Model Characteristics .. ........ ... ... .. ... ........ 6-32
Table 6.4 Input Parameters for the Test Cases - Analytical Solution ............................ 6-61
Table 6.5 Triflaralin Volatilization Losses, Amounts Remaining in Soil, and Estimated Losses via Other
Pathways for the 120-day Field Test .. ... ... .. . 6-63
Table 6.6 Input Parameters for the Test Cases - Watkinsville Site ............... ... ... ... ... 6-63
Table 6.7 Simulation Results of Using Different Compartment Depth DELX) . ................... 6-64
Table 6.8 Simulated Soil Temperature Profile after One Day for Different Compartment Thicknesses (Time
St = L DAy .t 6-72
Table 7.1 Soil Properties and Discretization Data Used in Simulating Transient Flow in a Soil Column
.......................................................................... 7-19
Table 7.2 Soil Properties Used in Simulating Steady-state Infiltration .. ......................... 7-21
Table 7.3 Tterative Procedure Performance Comparison . ............ ... ... 7-22
Table 7.4 Values of Physical Parameters and Discretization Data Used in Simulating One-dimensional
Transport in a Semi-infinite Soil Column .. .. ... ... ... .. ... .. .. .. 7-22
Table 7.5 Concentration Profile Curves at =25 hr and 7 = 50 hr Showing Comparison of the Analytical
Solution and Results from VADOFT . ... ... . . 7-26
Table 7.6 Values of Physical Parameters and Discretization Data Used in Simulating One-dimensional
Transportina Finite soil Column . ... .. ... .. .. . . . . . . . 7-27
Table 7.7 Concentration Profile Curves Showing Comparison of the Analytical Solution and VADOFT
.......................................................................... 7-30
Table 7.8 Values of Physical Parameters Used in the Simulation of Transport in a Layered Soil Column
.......................................................................... 7-34
Table 7.9 Breakthrough Curves (at z = 86.1 Cm) Computed Using the Analytical Solution and VADOFT
(aSE 1) .o 7-34
Table 7.10 Breakthrough Curves (at z = 86.1 cm) Computed Using the Analytical Solation and VADOFT
(S8 ) .o 7-35
Table 7.11 Values of Physical Parameters and Discretization Data Used in Simulating Transport in a Variably
Saturated Soil TUbe . ... ... 7-37
Table 7.12 Values of Physical Parameters and Discretization Data Used in Simulating Transient Infiltration
and Contaminant Transportinthe Vadose Zone ... ...... .. .. .. ... .. .. ... .. ... .. 7-37
Table 9.1 Input Guide for the PZ2HSPF Bridge Program .. ... ... ... ... .. .. .. ... .. ... 9-3
Table 9.2 Example Input File for PZ2HSPE .. ... 9-6
Table 9.3 Input Guide for the PRZWASP Bridge Program .. ........ ... .. .. .. .. .. .. ... ... .... 9-9
Table 9.4 Example Input File for PRZWASP . ... . . . e 9-13
Table 9.5 Output Nonpoint Source File for PRZWASP TestRun' ... ... ... ... ... ... ... ...... 9-15
Table 9.6 Output Runoff Information File for PRZWASP TestRun' ... .. ... ... ... ... ........ 9-15
Table 9.7 Typical Mean Concentration Values (mg/1) for Nitrogen Species in Septic Tank Effluent . ... 9-17
Table 9.8 Input Guide for OSWDS Module .. ... ... . . 9-19
Table 9.9 Example Input File for Oswds Module ... ... ... .. . . . . . . . 9-20
Xiv

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00014



Table 11.1 PRZM-3 Error Messages, Warnings, and Troubleshooting Approaches .................. 11-2

Table 11.2 EXESUP Program Variables . ... ... .. . . . . 11-10
Table 11.3 PRZM Program Variables, Units, Location, and Variable Designation ................. 11-13
Table 11.4 PRZM Nitrogen Simulation Variables, Units, Location, and Variable Designations ....... 11-47
Table 11.5 VADOFT Program Variables, Units, Location, and Variable Designations .............. 11-53
Table 11.6 Monte Carlo Program Variables .. ... ... .. .. .. . . . 11-65
Table 11.7 PZ2HSPF Bridge Program Variables . ........ .. .. ... . . . . . 11-67
Table 11.8 PRZWASP Bridge Program Variables .. ........ ... . ... . . . . . 11-69
XV

CBD v. EPA (1:21-cv-00681-CJN) ED_005427A_00029954-00015



SECTION 1
Introduction

This publication contains documentation for a linked groundwater loading model, PRZM-3, for chemical
contaminant transport down through the crop root and vadose zones. PRZM-3 enables modeling of organic
chemicals such as pesticides, as well as organic and inorganic nitrogen species. This release of PRZM-3 incorporates
several features in addition to those simulated in the previous release of the model (PRZM-2.2): a nonuniform
extraction algorithm for estimating pesticide runoff; bi-phase transformation of parent compound and metabolites;
the ability to transform a parent compound from a sorbed phase to metabolites; metabolite loading transfer into
EXAMS v. 2.98; enhanced flexibility in chemical applications; improved output features; and inclusion of nitrogen
routines for assessing septic tank waste.

A brief section on background and objectives for the model development effort follows in this introduction (Section
1.1). Section 1.2 gives a synopsis of risk and exposure assessment concepts. The reader who has sufficient
background in these concepts may prefer to proceed to Section 1.3, which provides an overview of the PRZM-3
modeling system, including major features and limitations.

1.1 Background and Objectives

The U.S. Environmental Protection Agency is continually faced with issues concerning the registration and
restriction of pesticides used for agricultural purposes. Each of these regulatory processes requires that the potential
risk to human health resulting from the introduction or continued use of such chemicals be evaluated. Recently,
much of this attention has been focused on exposure through leaching of pesticides and nitrates to groundwater and
subsequent ingestion of contaminated water.

The capability to simulate the potential exposure to pesticides or nitrates via this pathway has two major facets:

L Prediction of the fate of the chemical, after it is applied, as it is transported by water down through
the crop root and soil vadose zones.

@ Evaluation of the probability of the occurrence of concentrations of various magnitudes at various
depths.

Several models are capable of simulating the transport and transformation of chemicals in the subsurface and in the
root zone of agricultural crops. However, none of these models have been linked together in such a way that a
complete simulation package, which takes into account the effects of agricultural management practices on
contaminant fate is available for use either by the Agency or the agricultural chemical industry to address potential
groundwater contamination problems. Without such a package, the decision maker must rely on modeling scenarios
that are either incomplete or potentially incorrect. Each time a new scenario arises, recurting questions must be
answered:

® What models should be used?
® How should mass transfer between models be handled?

The resolution of these issues for each scenario is both expensive and time consuming. Furthermore, it prechudes
consistency of approach to evaluation of contamination potential for various scenarios.

The modeling package described in this report secks to overcome these problems by providing a consistent set of
linked unsaturated zone models that have the flexibility to handle a wide variety of hydrogeological, soils, climate,
and chemical scenarios. However, the formmulation of the risk analysis problem requires more than a simple,
deterministic evaluation of potential exposure concentrations. The inherent variability of force, capacitance and
resistance in natural systems, combined with the inability to exactly describe these attributes of the system, suggests
that exposure concentrations cannot be predicted with certainty. Therefore, the uncertainty associated with the
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predictions must be quantified. Consequently, this simulation package also secks to provide this capability by
utilizing Monte Carlo simulation techniques.

Stated more concisely, the objectives of this model development effort were to provide a simulation package that

can:
@ Simulate the transport and transformation of field-applied pesticides in the crop root zone and the
underneath unsaturated zone taking into account the effects of agricultural management practices
@ Simulate the transport and transformation of nitrogen introduced by atmospheric deposition and/or
septic systems in the crop root zone and the underncath unsaturated zone
® Provide probabilistic estimates of exposure concentrations by taking into account the variability in

the natural systems and the uncertainty in system properties and processes

Furthermore, it was desirable that the simulation package be easy to use and parameterize, and execute on IBM or
IBM-compatible PCs and the Agency's DEC/VAX machines. As a result, considerable effort has gone into providing